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Abstract
The following thesis describes the background information of vitamin A and vitamin E.
Also, information about quality control regulations regarding the supplement vitamin A
and E is described, and what is satisfactory to be released to the public. The reader will be
introduced to the basic concepts of chemical kinetics with emphasis on catalysts, Arrhenius
kinetics, and zeroth order reactions. Anton Parr’s density meter and Rapid-Oxy will be
described both theoretically and practically. An oil study was performed to see which oils
had the strongest antioxidant properties. At the conclusion of the oil study, oxidation studies
of mixtures of olive oil and canola oil were performed to see which mixture was optimal in
terms of cost and antioxidant properties. After many combinations were tried, the 200000
IU (60 mg) and 100000 IU (30 mg) vitamin A supplements were produced with α-tocopherol
in an oil mixture of 20 % olive and 80 % canola oil. Density and viscosity measurements
were taken to characterize the physical properties of the oil, and ensure that there would
be no difficulties in the encapsulation process compared to the original formulation. The
findings will be taken back to Catalent Pharma Solutions to conduct further studies and
hopefully bring to market.

v

Acknowledgements
I would like to take this opportunity to thank Tom Richardson and his QC staff, Doug
Durham, and Jeff Schwartzenhauer for allowing me the opportunity to upgrade my scientific
knowledge and work simultaneously. I would like to thank Professor Drew Marquardt for
picking up the phone in April 2018 and allowing me to join his intelligent and hard working
team. I understand that academia and industry bud heads over certain issues, but his
knowledge and guidance throughout the entire project is world class. I would like to thank
Mitchell DiPasquale and Michael Nguyen for taking time out of their busy schedules to
assist in the project in terms of thesis editing and density measurements. I understand
that between teaching, guiding undergraduates through their projects, undertaking their
projects, and performing various administrative tasks is not easy and their hard work and
guidance is greatly appreciated, well respected, and would not be forgotten. I would like
to thank the talented QC Analysts I have worked with over the last 4 years Dino Gabriele,
Mariola P, Eva Blak, Mike Sutherland, Chantelle Lachine, Lisa Capaldi, Kim Higgie, and
Connie Castagna for sharpening my analytical skills and giving me the techniques in the
lab to complete my project proficiently and promptly. I would like to thank Dr. Kim,
President of Detroit R and D, for hiring me at the Biotechnology firm and giving me a
chance in science when others passed. I would like to thank Joel Bronstein, Diane Chugani,
and Tom Mangner for teaching me about radiochemistry in terms of chromatography and
microbiology, as well as the fundamentals of GMP. I would like to thank Professor James
Gauld and Drew Marquardt for taking a chance on me in the University of Windsor graduate
school program. I understand that my GPA was slightly below the minimum requirements,
but with hard work and a talented team anything is possible. Lastly, I would like to thank
Anton Parr, the Canadian Government through various funding streams, and Catalent

vi

ACKNOWLEDGEMENTS
Analytical Research and Development for allocating the funds for the project.

vii

Table of Contents
Declaration of Co-Authorship
Abstract
Acknowledgements
List of Figures

iii
v
vi
x

1 Introduction
1.1 UNICEF Initiative and Catalent’s Current Formulation . . . . . . . . .
1.2 Quality Control Practices . . . . . . . . . . . . . . . . . . . . . . . . . .
1.3 Biological Role of Vitamin A . . . . . . . . . . . . . . . . . . . . . . . .
1.4 Autoxidation and Vitamin E . . . . . . . . . . . . . . . . . . . . . . . .
1.5 Chemical Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.6 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Materials and Methods
2.1 The International Unit (IU) Meaning And Conversion to mg . . . . . .
2.2 Measurement of Oxidation Kinetics . . . . . . . . . . . . . . . . . . . . .
2.2.1 Instrumentation - Rapid-Oxy 100 . . . . . . . . . . . . . . . . . .
2.2.2 Normalizing Rapid-Oxy 100 to Zeroth Order Arrhenius Kinetics
2.3 Measurement of Densities and Viscosities . . . . . . . . . . . . . . . . .
2.3.1 Instrumentation - Anton Paar DMA 4500 Density Meter . . . . .
3 Results
3.1 Normalizing Rapid-Oxy 100 to Zeroth Order Arrhenius Kinetics . . . .
3.2 Autoxidation of Oil Components . . . . . . . . . . . . . . . . . . . . . .
3.3 Autoxidation of Expired Formulations . . . . . . . . . . . . . . . . . . .
3.4 Autoxidation of Oil Mixtures . . . . . . . . . . . . . . . . . . . . . . . .
3.5 Autoxidation of Reformulation . . . . . . . . . . . . . . . . . . . . . . .
3.6 Density and Viscosity Investigation of New Formulation . . . . . . . . .
4 Discussion
4.1 Shelf Life and Cost of Oil Components . . . . . . . . . . . . . . . . . . .
4.1.1 Oxidation Properties of Oils . . . . . . . . . . . . . . . . . . . . .
4.1.2 Reformulation . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.3 Density and Viscosity of Reformulation . . . . . . . . . . . . . .
5 Conclusion

1
1
2
4
7
13
17
19
19
20
20
20
23
23
25
25
27
30
31
33
36
39
39
40
42
43
46

viii

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.

.
.
.
.

Table of Contents
5.1
5.2
5.3
5.4

Corn Oil . .
Canola Oil .
Sesame Oil
Olive Oil . .

Bibliography
Vita Auctoris

ix
.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

47
48
49
50

53
60

List of Figures
1.1
1.2
1.3
1.4
1.5
1.6
1.7

Vitamin A Structure . . . . . . . . . . . . . . .
Involvement of Vitamin A in the Vision Process
β -Carotene Catabolic Mechanism . . . . . . .
Autoxidation Mechanism of Fatty Acids . . . .
Chemical Structures of Vitamin E Vitamers . .
Vitamin E Acetate Structure . . . . . . . . . .
Effect of Catalysts on Activation Energy . . . .

.
.
.
.
.
.
.

4
7
8
9
10
11
14

2.1
2.2

Anton Paar Rapid-Oxy 100 . . . . . . . . . . . . . . . . . . . . . . . . . . .
Anton Paar DMA 4500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21
24

3.1
3.2
3.3
3.4
3.5

Arrhenius Plots of Current Formulations . . . . . . . .
Arrhenius Plots for Studied Oils . . . . . . . . . . . .
Shelf Life Dependence on Olive Oil Content . . . . . .
Proposed 100000 IU Vitamin A Formulation Shelf Life
Proposed 200000 IU Vitamin A Formulation Shelf Life

.
.
.
.
.

28
30
33
34
35

4.1
4.2
4.3

Shelf Life and Cost of Various Cooking Oils . . . . . . . . . . . . . . . . . .
Distribution of Fatty Acids in Cooking Oils . . . . . . . . . . . . . . . . . .
Physical Comparison of Current and Proposed Formulations . . . . . . . . .

40
41
44

x

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.

Chapter 1

Introduction
1.1

UNICEF Initiative and Catalent’s Current Formulation

The Vitamin A for Africa (VITAA) initiative promoted by UNICEF is important due to
the lack of this nutrient in Sub-Saharan African populations. Vitamin A deficiency is one of
the leading causes in children mortality and complications during pregnancy [1]. Vitamin
A is essential to the mental and physical development of human beings. Lacking vitamin
A also leads to a weakened immune system, which opens the door to acquiring measles,
pneumonia, and malaria [1]. Most importantly, vitamin A deficiency leads to poor vision in
low light conditions [1]. The initiative showed that women and children are the most affected
by vitamin A deficiency. More than 3 million children under the age of 5 in Sub-Saharan
Africa cannot see [1].
The horticulture industry is using orange-fleshed sweet potato to combat vitamin A deficiency. Approximately 100 g of the potato is shown to give women and children the
necessary nutrition to survive. These potatoes are shown to be resistant to viruses as well.
The farmers of Uganda, Tanzania, Kenya, Mozambique, and South Africa support this
product. This product is also providing aid to individuals affected by HIV/AIDS [1].
As an alternative to finding appropriate land to cultivate and ensuring that the soil is rich
enough to support optimal growth, Catalent Pharma Solutions, under the defunct name of
Accucaps, proposed a supplement to administer to the patient. The supplements consists
1
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of 200000 IU of vitamin A and 100000 IU of vitamin A in the form of oil retinyl palmitate.
Vitamin E, in the form of α-tocopherol acetate, serves as a preservative. The oil used to
dissolve both of these additives is soya-bean oil. Both supplement dosages are stored at 25
◦C

and 60 % relative humidity, 30 ◦ C and 65 % relative humidity, 30 ◦ C and 75 % relative

humidity, and 40 ◦ C and 75 % relative humidity. The storage conditions are reflective
of where the product is being shipped as each region of Sub-Saharan Africa has different
climate conditions, to monitor the stability of the product.
To ensure that the product is in pristine condition prior to being sent to Africa by sea,
hardness testing is performed on the product. The product is to be within 4.0 N to 8.5
N (N is the SI unit for force). This judges whether the product can survive degradation
by different environmental conditions through travel to Africa, as well as ensuring that the
product is not too hard. A very hard supplement can make it difficult for the physician
to administer the product to the patient, as the product is administered orally through
squeezing the capsule with brute force at the top of the soft gelatin capsule onto the tongue
of the patient.

1.2

Quality Control Practices

Quality control on this product is quite stringent. All products must be verified through
protocols as described by the United States Food and Drug Administration, as outlined in
the United States Pharmacopeia Chapter 42 and National Formulation Chapter 37 [2].
To quantify the vitamin A, normal phase high performance liquid chromatography (HPLC)
is used with n-hexane serving as the mobile phase. Prior to analysis of standard and
sample, a resolution solution is used to discriminate between two different derivatives of
vitamin A: retinyl palmitate and retinyl acetate. Retinyl palmitate has a retention time
of approximately 20 minutes and retinyl acetate has a retention time of approximately
50 minutes. Once the appropriate form of vitamin A is distinguished, retinyl palmitate,
a standard is injected six times to establish that the HPLC system is free of leaks, and
the column is performing up to manufacturing standards. The relative standard deviation
(standard deviation/mean) of all six standard injections cannot exceed 3.0 %. A standard is
injected at the end of the analysis to ensure system and column parameters have remained
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constant. The potency of vitamin A must be within 63 mg (220000 IU) and 66 mg (240000
IU) for the 60 mg (200000 IU) soft gelatin capsule and 30 mg (110000 IU) and 36 mg
(120000 IU) for the 30 mg (100000 IU) soft gelatin capsule to satisfy release requirements.
The analysis of vitamin E is performed on gas chromatography using flame ionization detection (FID). There is a resolution solution injected to discriminate between α-tocopherol
and α-tocopherol acetate. Once the α-tocopherol acetate is identified, a standard is injected
five times for the same reasons outlined in vitamin A quantitation. The relative standard
deviation must be no more than 2.0 % for all standard injections. The vitamin E must be
between 8.55 mg (19 IU) and 10.8 mg (24 IU) for 30 mg (100000 IU) soft gelatin capsules,
and 17.1 mg (38 IU) to 21.6 mg (48 IU) for 60 mg (200000 IU) soft gelatin capsules to
satisfy release requirements. Also, uniformity of dosage by weight variation is performed
on ten soft gelatin capsules to ensure that the fill weight of each individual capsule does
not deviate from the target fill weight in the manufacturing process and cause fluctuations
in potency of the product. The capsule is also subjected to various microbiological tests to
ensure bacteria does not enter the human digestive system and cause a variety of illnesses
through infection. Once satisfactory release of the product has been accomplished, the
company sets new limits by which the potency cannot fall below. This is based on customer
requirements and government requirements. If the supplement falls below 90 % of the label
claim, the African people will not receive the required doses to combat their vision issues.
For the 60 mg soft gelatin capsules, values between 54 mg and 66 mg are acceptable, while
27 mg to 36 mg are acceptable for the 30 mg soft gelatin capsules.
The company continues to perform assay by gas chromatography and HPLC until the
potencies of both capsules fall outside of the desired ranges. The month that this event
occurs is deemed the expiry of the product. According to company archives, the expiry
has been deemed to be 33 months. This translates to the production of the product every
33 months leading to rising costs in purchasing material, labor, instrument maintenance,
and delivery. In order to solve this issue, Catalent scientists approached the University of
Windsor to reformulate the supplement using a different vitamin E derivative with stronger
antioxidant properties and different carrier oils to enhance these effects with a goal of
allowing the supplement to last longer by resisting degradation and lipid peroxidation.
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Biological Role of Vitamin A

Retinyl palmitate, or vitamin A palmitate, is fat soluble, and can transverse membranes.
Vitamin A palmitate is used to support and maintain optimum eye health, immune system
health, and reproductive health. Humans ingest the carotenoid version of vitamin A and
convert it to the retinyl palmitate form to be used to support optimum functioning of the
eye, which is the primary purpose of our project; to preserve vitamin A in order for the
African infants to develop superb eyesite. The palmitate that is attached to vitamin A
alcohol, retinol, causes it to be more stable in milk as well. This is important because
infants drink milk for bone development and other important functions. Outlined below is
the structure of vitamin A palmitate (Figure 1.1)

Figure 1.1: Structure of the vitamin A derivative used in the supplement, retinyl palmitate

Vitamin A is essential for immunity, and is found in liver, cod-liver oil, and eggs. It is
ingested as provitamin A carotenoids in green vegetables, carrots, mangoes, and papayas
[3]. Retinol undergoes esterification in the intestinal mucosa, converted into chylomicrons,
and carried to the liver via the lymphatic system [3]. Provitamin A carotenoids are converted
to retinaldehyde through cleavage by enzyme 15, 15’dioxygenase [4]. Retinol is primarily
stored in the body as retinol esters. Retinol is released from the liver with retinol binding
protein and enters sites on certain cells through receptors located on the cells. In the
cytoplasm, retinol is converted to retinoic acid. In the nucleus retinoic acid plays a major
role in gene activation by binding to receptors that belong to thyroid and steroid receptors
[4]. The retinoic acid receptors bind to retinoic X receptors and both act as transcriptional
activators for specific target genes. The retinoic acid receptors bind to a certain location
on DNA, from which it influences transcription to mRNA positively. The specific strand of
DNA that houses these retinoic acid receptors are retinoic acid response elements.
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Vitamin A deficiency is common during viral infections. Depletion of vitamin A, in the form
of retinol in the blood, causes acute measles [3]. Low levels of vitamin A are also common in
human immunodeficiency virus (HIV), and acquired immunodeficiency syndrome (AIDS)
[3]. Low levels of vitamin A during infection are often attested to decreased intake and
absorption of vitamin A through diarrhea and activity of intestinal pathogens, decreased
mobilization of hepatic reserves of retinol during acute phase response, overuse of vitamin
A by tissues, and loss of vitamin A through urination [4]. Immune effector cell function
is positively correlated with availability of vitamin A, so lacking vitamin A effects the
production of antibodies to combat infectious diseases [3]. Also, increases in vitamin A allow
greater production of CD4 T-cells, which can be used to fight measles. β-Carotene insertion
in individuals who are positive for HIV-1, and lack CD4 T-cells, see greater production of
CD4 T-cells used to combat the infection [3].
Vitamin A deficiency is associated with morbidity and mortality. A study conducted in
Indonesia in the 1970s showed that decreased vitamin A was correlated with mortality
in children through night blindness and Bitot’s spots, which is abnormal dryness of the
conjunctiva and cornea of the eye, associated with ridge formation and inflammation [4].
Children with Bitot’s spots had showed vitamin A deficiency through increased diarrhea
and respiratory disease.
Decreased levels of immunoglobulin A (IgA) in the saliva of human beings is attributed to
vitamin A deficiency. This is fatal because this is the front-line defense system of the human
body. Keratinizing metaplasia and loss of goblet cells from the conjunctival epithelium are
signs that trigger the particular individual does not have healthy levels of vitamin A [3].
T-cells are known to be altered when there is a shortage of vitamin A [3].
Vitamin A is essential for immune effector cell function. Production of thermocytes and
tonsillar lymphocytes to mitogens are accelerated through the addition of all-trans retinoic
acid [3]. Responses of peripheral blood lymphocytes are not enhanced unless vitamin A is
present, and vitamin A plays a role in expression of receptors on growing T lymphoblasts.
Vitamin A plays a vital role in the growth and differentiation of B-cells, IgM synthesis
by core blood mononuclear cells, and IgG synthesis by mononuclear cells in the peripheral
blood of adults [3]. A randomized, double blind, placebo controlled clinical trial involving
236 children in Indonesia showed that children supplemented with 200000 IU of vitamin A
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had primary and secondary responses of IgG to tetanus toxoid enhanced two-fold compared
to children just given placebo, which allows infants to combat tetanus with the production of
these specialized antibodies [3]. Adults ingesting 13-cis-retinol had great antibody responses
to keyhole limpet hemacyanin. The decline in lymphocytes, following surgery in adults, can
be reversed by administration of high quantities of vitamin A [4].
Vitamin A is vital to the vision of human beings. The aldehyde form of the vitamin A
(retinal or retinaldehyde) serves as chromophore for all known visual pigments. The 11-cis
isomer of retinal binds to proteins, termed opsins, to form both the rod and cone visual pigments. Light isomerizes the bound 11-cis retinal to the all-trans form, initiating excitation
of the photoreceptor cell [5]. Figure 1.2 provides a detailed outline of this process. Using the
mouse as the model organism, retinaldehyde is converted to retinoic acid through the use
of three enzymes. A protein in the dorsal retina is termed class 1 aldehyde dehydrogenase
isoform, which is the primary enzyme in the mouse that converts retinaldehyde to retinoic
acid. A second retinoic acid generating enzyme was found in the ventral mouse retina, and
is restricted to the ventral two thirds of the retina. A third enzyme was discovered to be
expressed throughout the eye during early phases of development and more posterior later
on [5].
Now that the major biological functions of vitamin A have been introduced and the importance to the African people, outlining how β-carotene (vitamin A derivative) is converted
to retinal palmitate, which is being used for the study, is of vital importance.
In humans, β-carotene is absorbed in the intestine by a receptor protein. The β-carotene
is ultimately converted to retinol esters in the intestines, where it is subjected to oxidative cleavage by enzyme in cytoplasm called β-carotene C15 15’ oxygenase-1 to yield two
molecules of all-trans retinal, which is reduced to retinol by retinol reductase. Retinol
is esterified in the enterocytes to form retinol palmitate by transfer of fatty acids from
position sn1 of phosphatidylcholine by a collection of enzymes known as lecithin:retinol
acyltransferase, acyl CoA-retinol acyltransferase, and diacylglycerol acyltransferase 1 and
esterification is done by binding to cellular retinol binding protein type 2 [8]. Any β-carotene
that is not converted is carried with the retinol esters to the liver in chylomicrons to be
taken up and metabolized by hepatocytes. Figure 1.3 outlines this process.
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Figure 1.2: Outlined in here is the visual phototransduction cycle. 11-cis retinol loses two
hydrogen molecules through the enzyme 11-cis retinol dehydrogenase to form 11-cis retinal.
Rhodopsin is added to 11-cis retinal to form 11-cis retinilidene. Light is added to 11-cis
retinilidene to form all-trans retinal. The all-trans retinal loses two hydrogens through the
action of all-trans retinol dehydrogenase to form all trans retinol. The all-trans retinol is
acetylated by the lecithin retinol acyltransferase to form the primary product of all-trans
retinyl esters [5, 6]. Figure is reproduced from [7].

1.4

Autoxidation and Vitamin E

A common problem in society today is that groceries and supplements have a predefined
expiry date that is rendered to be too short. When food becomes expired, it emits an unpleasant odor and does not taste right. The undesirable taste and smell of polyunsaturated
fatty acids (PUFA) is due to the reaction with atmospheric oxygen that is termed autoxidation. The autoxidation reaction begins with the production of fatty acid free radicals in a
reaction termed initiation. The fatty acid free radicals react with atmospheric oxygen and
another fatty acid to generate a peroxide molecule and a fatty acid radical molecule in the
propagation step. The free radical autoxidation reactions are terminated when two fatty
acid radicals combine [9]. Figure 1.4 shows an outline of the entire autoxidation reactions
being discussed.
The reason why autoxidation needs to be avoided is so that industries can extend the
shelf-life of their products and avoid having to rack up an enormous amount of production
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Figure 1.3: Outlined in this figure is the conversion of β-carotene to retinyl palmitate
when the β-carotene is not carried with the retinol esters to the liver in chylomicons. The
β-carotene is metabolized by hepatocytes. β-Carotene is absorbed in intestine by receptor
protein. It is subjected to oxidative cleavage in the cytoplasm by enzyme β-carotene
C15 15’ oxygenase 1 to yield two molecules of all-trans retinal. The retinal is reduced
to retinol by retinol reductase. Retinol is esterified in the enterocytes to form retinyl
palmitate by transfer of fatty acids from position sn1 of phosphatidylcholine by collection
of enzymes known as lecithin: retinol acyltransferase, acyl CoA-retinol acyltransferase,
and diacylglycerol acyltransferase 1 and esterification is done by binding to cellular retinol
binding protein type 2. Retinal is also oxidized in the liver to yield retinoic acid. The left
pathway outlines β-carotene through the liver, while the right pathway outlines β-carotene
through the intestine. All reactions in the intestine are reversible, while reactions in liver
are irreversible. Figure is reproduced from the work of Christie [8].

and packaging costs. From a health perspective, polyunsaturated fatty acids need to be
protected from autoxidation because they are the building blocks of cell membranes at a
molecular level. Also, polyunsaturated fatty acids comprise a large portion of the human
skin [10]. If membranes are compromised, the selectively permeable behavior, in regards
to ions and polar molecules being shielded from the cytoplasm as well as the cell signaling
process, will be nonexistent and this can be fatal to the organism. Also, lack of normal
fatty acids will cause skin complications potentially leading to cancer [11].
Antioxidants protect against autoxidation. Preventative antioxidants interfere with the
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Figure 1.4: Autoxidation reaction begins with the reaction of a fatty acid with oxygen
to generate a fatty acid radical (Step 1). This is termed initiation. The fatty acid radical
react with atmospheric oxygen and another fatty acid to generate a peroxide molecule and
a fatty acid radical molecule in the propagation step (Step 2). Figure is reproduced from
[12].

initiation stage of the autoxidation reaction. Chain breaking antioxidants interfere with
the propagation steps. An important chain breaking antioxidant that will be discussed
primarily in this literature is vitamin E. In 2013, Marquardt et al. discovered that Vitamin
E positions itself appropriately in the membrane to interfere with initiation events as well
[13]. In Figure 1.5, there are structural representations of the different vitamers of vitamin
E, tocopherols and tocotrienols.
α-Tocopherol has plenty of structural benefits. The oxygen atom para to the hydroxyl group
on the aromatic portion of the tocopherol stabilizes the phenoxyl radical of α-tocopherol by
electron delocalization, which is defined as spreading and sharing of electrons around the
molecule. According to Burton and Traber (1990), evidence was presented that α-tocopherol
reacts much more quickly with peroxy radical than butyl-hydroxytoluene (BHT) [15]. The
chromanol head group of α-tocopherol is responsible for antioxidant properties [15]. A small
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Figure 1.5: Attached on top is the structures of vitamin E. On the chromonal ring, there
are the following differences. The substituents on carbon 1 and carbon 3 are methylated
for α-tocopherol, carbon 1 is methylated and carbon 3 has a hydrogen for β-tocopherol,
carbon 1 has hydrogen and carbon 3 has methyl for γ-tocopherol, and carbon 1 and 3 for
δ-tocopherol. There is a similar arrangement for the tocotrienols on the chromanol ring.
The significant difference between the tocopherols and the tocotrienols are that carbon 4
and 8 on the tocotrienol (bottom) are double bonded, while carbon 4 and 8 are singly
bound for tocopherols. Figure is reproduced from Marquardt et al. [14].

amount of α-tocopherol can shield a large number of polyunsaturated fat. α-Tocopherol
is present in 1:1000 ratio with lipid molecules in the human body [15]. α-Tocopherol is
consumed in the antioxidant process, and replenished by α-tocopheroxyl radical such as
vitamin C, which will be discussed in the pharmaceutical section of the review [15].
Work by Ingold et al. reveals that the phytyl tail allows α-tocopherol to remain attached
to the cell membrane at a molecular level [9]. Some nonperoxidizable liposomes contain
a derivative of α-tocopherol where the phytyl group is replaced with the methyl group.
The functional group trades with the peroxidizable liposomes and prevents their oxidation.
γ-Tocopherol is the most predominant form of vitamin E present in food, but α-tocopherol
acetate is favored in supplementation due to its stability [16]. α-Tocopherol acetate must
be hydrolyzed to the phenol in the gut before absorption of the vitamin can occur [17].
The notable difference between α-tocopherol and α-tocopherol acetate is the hydroxyl group
on the chromanol ring is acetylated. This lowers the antioxidant capability of α-tocopherol
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because the hydroxyl group is what gives it this essential activity, but industry uses tocopherol acetate due to its stability. The hydroxyl group cannot act as a nucleophile or
(nucleus seeker) towards other functional present on other molecules. We need to increase
shelf-life of vitamin A, so although α-tocopherol acetate is more stable, it does not increase
the shelf-life of vitamin A. Thus, this derivative of vitamin E needs to be changed. Figure
1.6 shows the acetylated structure of Vitamin E.

Figure 1.6: Structure of α-tocopherol after addition of acetate to the hydroxyl group to
stabilize the antioxidant

G. Tomassi, and V. Silano (1986) outline how tocopherols are viscous oils insoluble in polar solvents, but they are soluble in non-polar solvents at room temperature. Listing of
the physical properties of α-tocopherol are as follows: the melting point is 2.5-3.5 ◦ C. The
UV spectra of tocopherol in ethanol detects tocopherol at the 292 nm - 298 nm wavelength
range. The functional group characterized by UV is the chromanol head group. Tocopherols
can be separated by thin liquid chromatography (TLC), gas chromatography (GC), high
performance liquid chromatography (HPLC) and assayed using spectrofluorimetric, calorimetric, and spectrophotometric analysis. Analysis of tocopherols is ideal when samples are
nitrogen blanketed and working under yellow light [18].
Tocopherols occur in non-esterified form in plant food. The range is 0.01 - 200 mg of
tocopherols per 100 g of plant food [18]. Dextrolevoratory α-tocopherol is predominant
in sunflower and olive oil, whereas dextrolevoratory γ- and δ-tocopherol dominate in soyabean oil [18]. Tocopherols in plants are generated through the addition of hydrogen and
methanol [18]. α-Tocopherol is the predominant form in animal tissues, but cooked foods
lose tocopherol in the cooking process due to reactions with oxygen, hydroperoxides, and
other causes [18].
Some commercial products use mixed tocopherols supplemented with tocopherol acetate.
Other tocopherols are not used regularly. Mixed tocopherols are sold in Europe at a ratio
of 80 % α-tocopherol and 20 % miscellaneous tocopherols. Tocopherols are ingested in the
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lymphatic pathway, and tocopherol acetate has 90 % of biological activity of free alcohol
[18].
The work by Yuichiro J Suzuki et al. (1993) determined α-tocotrienol to be more potent
in scavenging peroxyl radicals in liposomes than α-tocopherol [19]. α-Tocopherol and αtocotrienol affect membrane order similarly. NMR studies shows crystallization is evident
in the C10 - C13 region of phospholipid chain, where speculation from the paper suggests
that different mechanisms of membrane incorporation exist for tocopherol and tocotrienol
[19]. Figure 1.5 outlines structure of tocopherols and tocotrienols.
Vitamin E was shown to play a prominent role in the defense of human skin. α-Tocopherol
is predominant form of tocopherol in the human skin, while γ-tocopherol is also present
in the human epidermis, dermis and stratum corneum [20]. When a human receives a
sunburn, human stratum corneum α-tocopherol is reduced to half of its total capacity, thus
confirming that α-tocopherol reduction in the skin dictates photoxidative damage [20]. Solar
stimulated ultraviolet light (UVA and UVB) cause damage to vitamin E in the absence of
ascorbate (vitamin C) in the stratum corneum. Higher levels of ascorbate could recycle
photoxidized vitamin E.
As determined in small trials and case reports, vitamin E taken orally serves as therapy to
yellow nail syndrome vibration disease, epidermalysis bullosa, cancer prevention, claudication, cutaneous ulcers, and collagen synthesis and wound healing [21]. Tsoureli-Nikita and
colleagues (2002) performed a clinical single blind study in which 96 atopic dermatitus patients were treated with placebo or oral vitamin E (400 IU/day) for 8 months. They found
that the vitamin E decreases symptoms of atopic dermatitus and decreased serum IgE antibody levels when administered vitamin E compared to control group [22]. Hayakawa and
colleagues performed a multi-clinical double blind study, where improvement of chlousma
and pigmented contact dermatitus lesions were observed when vitamin C and vitamin E
were supplemented together [22].
Ramos-E-Silva et al. (2013) states that vitamin E protects against UVB radiation damage.
Other actions are reduction of erythma in sunburns, tanning, and photoaging. Its association with vitamin C demonstrates synergistic effects because it is capable of regenerating
vitamin E. When vitamin E is applied to the skin topically, it has been recognized as a safe
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substance, with side effects generally limited to slight skin irritation [21]. To date, there
is no studies confirming that vitamin E has a significant improvement in skin wrinkling,
discoloration, or texture [21].

1.5

Chemical Kinetics

Chemical kinetics is the study of reaction rates. Chemical kinetics were first studied on
bacteria. In 1850, L. Wilhelmy reported that the hydrolysis (addition of water) to sucrose
to generate the monosaccharides glucose and fructose occurred at a rate that decreased
steadily with time, but was always dictated by the concentration of sucrose remaining in
the solution [23]. The reaction was followed indirectly by measuring the change with time of
the optical rotation, which is rotation involving polarized light passing through the solution.
Optical rotation resulted from the chirality of sugars and amino acids.
A group of molecules that are very important in chemical kinetics are catalysts. Catalysts
are substances that increase the rate of a chemical reaction, without being consumed by
the reaction. An example of a catalyst are old ferments used to convert sugars in grains
and grapes into beverages by enzyme catalysts greatly accelerating the rate of the reaction.
An enzyme is a biological catalyst that lowers the rate of a chemical reaction by allowing
the substrate to bind to the active site [23]. Once the substrate binds to the active site,
the activation energy or energy required to facilitate the reaction is lowered. The energy
is released as the enzyme binds to the substrate at the active site. An example of type of
binding occurring is the electrostatic interactions between amino acids in the active site and
the amino acids on a protein substrate. This allows the reactants to proceed to products
quickly because the activation energy of the transition state is lowered. Figure 1.7 provides
in detail the effect of an enzyme on a chemical reaction.
The role of temperature being used to speed up chemical reactions was put on a quantitative basis by Arrhenius in 1889. Before defining Arrhenius kinetics, we must review the
significance of the rate constant. The rate or velocity v of a reaction describes how fast it
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Figure 1.7: The reaction in red outlines an uncatalyzed reaction. On the left hand side are
reactants outlined by A and B, and on the bottom right hand side are products represented
by C and D. At the top of the uncatalyzed reaction is the transition state, which is region
where reactants transition to forming products. This also outlines the activation energy, or
amount of energy required for the reaction to proceed. The activation energy is measured
on the y-axis, and the progression of reaction measured on x-axis. The reaction in blue
outlines a catalyzed reaction. Notice that less energy is expended in the blue reaction as
opposed to the red reaction. So, this observation notes the importance of a catalyst. A
catalyst lowers the activation energy required for a reaction to proceed, but is neither a
reactant or a product. Figure is reproduced from [24].

occurs:

v = dc/dt = rate of reaction

(1.1)

where dc is the rate of change of concentration of the reactants and dt being the rate of
change with respect to time.
This expression can also be used to describe the change of population with time, the increase

Chapter 1. Introduction

15

or decrease in the pressure of a gas with time, or change in absorption of light by colored
solution with time. Most importantly, rate is a function of concentrations:

v = f (concentrations)

(1.2)

One of the driving forces behind research in kinetics is the determination of the rate law.
Substances that influence the rate of a reaction can be grouped into two categories. The first
category are substances that change with time during the duration of a reaction. Reactants
decrease with time. Products increase with time. Intermediates increase and decrease
during the course of a reaction. Additionally, there are substances whose concentrations
do not change with time, examples of which include catalysts, intermediates in a steady
state process, components buffered by equilibrium with large reservoirs, and solvents and
the environment. The kinetic order of a reaction describes the way in which the rate of the
reaction depends on the concentration. Outlined below is an example of a general reaction
in which reactants, A and B, form product, P :

A+B =P

(1.3)

This reaction is expressed as a rate law in the following form

v = k[A]m [B]n [P ]q

(1.4)

where A, B, and P are concentrations raised to the powers of m, n, and q. The order of
the reaction with respect to a particular component is just the exponent of its concentration. The rate depends on the concentration of several species, and the scientist needs to
distinguish between the order with respect to a particular component and the overall order,
which is the sum of the exponents and components. It is important to note that the order
of the reaction needs to be determined experimentally, and cannot be deciphered without
running plenty of experiments.
Zero order reactions are important because the rate is constant and independent of the
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concentration of reactants. A first order reaction is a reaction that proceeds at a rate that
is linearly dependent on one reactant concentration. A second order reaction is a type of
chemical reaction that depends on the concentrations of one-second order reactant or two
first-order reactants. This reaction proceeds at a rate proportional to the square of the
concentration of one reactant, or the product of the concentrations of two reactants [23].
Now that sufficient information has been given on the rate constant, and order of a reaction,
we will now explore Arrhenius kinetics. It would seem logical that the more heat is subjected
on a reaction, the faster it shall proceed. This is not the case as some organisms can
withstand temperatures above 50 ◦ C. Observations by Arrhenius and others showed that
for most chemical reactions, there is a logarithmic relation between the rate coefficient and
the reciprocal of the absolute temperature (K). The Arrhenius equation is expressed as
follows:

ln k = −

Ea
+ ln A
RT

(1.5)

k is defined as the rate law. Ea is defined as the activation energy, or energy required for a
reaction to proceed. R is the universal gas constant. T is the temperature in Kelvins. A is
known as the pre-exponential factor.
This equation represents the behavior of many chemical systems and complex biological
processes. The usual way of obtaining activation energy is to plot lnk verses

1
T.

The slope

of the line is equal to - ERa . Once Ea is known, the Arrhenius equation can be used to solve
for the pre-exponential factor A.
Zero order rate law corresponds to the rate law

dc
dt

= -k, where c is the concentration of the

reactant and k is the constant called the rate coefficient or rate constant. The units of the
rate constant are concentration per time, such as M/s. This expression can be integrated
by writing it in the differential form with the variables c and t separated on each side of
the equality dc = -k dt. Integrating both sides we obtain

Z

Z
1dc = −k

1dt + E

(1.6)
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where the rate constant k is placed outside the integral sign because it does not depend on
time, and E is the constant of integration. It can therefore be integrated giving

c = −kt + E

(1.7)

Alternatively, if the initial and final conditions are specified, the equation can be written
as a definite integral. If the concentration is c1 at time t1 and c2 at time t2 , then

Z

Z

t2

dc = −k

dt

(1.8)

t1

(c2 − c1 ) = −k(t2 − t1 )

(1.9)

More commonly, c is determined by considering the value of c at the initial condition (t =
0), where c = E = c0 . This corresponds to the following equation

c = c0 − kt

(1.10)

All of the variables form a linear relationship with the concentration dependent on time
and the slope is the rate constant or k. To summarize this derivation, temperature plays
a role in the zeroth order reaction because the rate constant is influenced by temperature.
Both the rate constant and time influence the concentration present. Therefore, increasing
the concentration has no impact on the rate.

1.6

Research Objectives

The goal of the project is to preserve vitamin A through addition of various substances with
greater antioxidant capabilities. As mentioned in the vitamin E section, the hydroxyl group
on α-tocopherol and the phytyl tail contributes to its strong antioxidant potential, while
tocopherol acetate is limited by the acetylation of the hydroxyl group on the chromanol
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ring. Therefore, α-tocopherol will be substituted for α-tocopherol acetate in the original
formulation. In order to strengthen α-tocopherol’s antioxidant strength, vitamin C is added
to strengthen α-tocopherol’s antioxidant capabilities through synergism between the two
vitamins. α-Tocopherol is regenerated by vitamin C (ascorbic acid) through the reduction
of tocopheroxyl radicals, which has been demonstrated by electron spin resonance [25]. The
tocopheroxyl radicals are formed when vitamin E scavenges peroxyl radicals in the lipid
phase. The mechanism of regeneration of vitamin E rather than the irreversible oxidation
of tocopheroxyl radicals by reaction with further peroxyl or tocopheroxyl radicals to form
non-radical products links water soluble ascorbate with the interruption of free radical chain
propagation in the lipid phase. This has been confirmed through chemical studies in vitro
[25]. The importance of the synergism between vitamin C and vitamin E depends on the
competing reactions with the tocopheroxyl radicals and the proximity of the tocopheroxyl
radicals to the lipid-water interface. Ascorbyl palmitate was used instead of ascorbic acid
due to its greater ability to work in a lipophilic environment, as the polar ascorbic acid
proves to be more difficult. Also, oils will be investigated to see whether soya-bean oil
holds as a suitable option. It is important that the new formulation lasts longer than the
previous formulation, so that Catalent can generate profit by cutting production costs. The
goal was also to provide a cost effective solution, utilizing only a single logical and systematic
pathway to get the desired result using natural products.

Chapter 2

Materials and Methods
2.1

The International Unit (IU) Meaning And Conversion to
mg

An IU is an International Unit. Each supplement has a different value for an international
unit. An International Unit for vitamin A is 0.3 ug. An International Unit for vitamin
E is 0.45 mg. To convert vitamin A from 100000 IU and 200000 IU to 30 mg and 60 mg
respectively, the following conversion factors are used

100000IU ×

0.0003mg
= 30mg
IU

(2.1)

200000IU ×

0.0003mg
= 60mg
IU

(2.2)

For vitamin E the following conversion factor is used

20IU ×

0.45mg
= 9mg
IU

(2.3)

40IU ×

0.45mg
= 18mg
IU

(2.4)
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Measurement of Oxidation Kinetics
Instrumentation - Rapid-Oxy 100

The Rapid-Oxy (Anton-Parr, USA) consisted of an oxygen tank, a chamber, a glass plate,
an O-ring, and a USB port. The actual time being measured is the propagation time of the
autoxidation of lipids. Approximately 4 g of material were introduced onto the glass plate
associated with the Rapid-Oxy instrument. The glass plate was placed into the chamber.
An O-ring would be placed around the grooves of the chamber to allow for the cap to
have a snug fit on the instrument and not fly off due to the high pressure of oxygen. The
instrument would build up to an equilibration point for both the temperature and pressure,
and eventually the pressure would drop to 10.0 % below the maximum level. The 10.0
% pressure drop was used to signify the most accurate and accepted point of propagation
during autoxidation of lipid. The 10.0 % pressure drop signified the propagation phase of
autooxidation, which is a clear indication that the material oxidized according to studies
conducted by Anton Parr [26]. The temperature was chosen strategically to ensure data
collection in a timely fashion, but the instrument needed to run for at least 15 minutes
to ensure optimal integration was performed, and to add integrity to the data. If the
instrument was just equilibrating, and suddenly experienced a drastic decrease in pressure,
99.0 % of the time this signaled a fault or a dirty instrument. This would signal the end of
the testing. All experiments were performed at 700 kPa and between temperatures 80 ◦ C
to 150 ◦ C to optimize the oxidation time of the sample.
Following conclusion of test, the data would be exported onto a desktop with the capabilities
of finding activation energy and slope through an integration and derivative function present
on the Anton Parr OxyLogger software. The times were relative and a control needed to be
performed in order to draw accurate and reasonable conclusions. Figure 2.1 shows a picture
of the Rapid-Oxy instrument.

2.2.2

Normalizing Rapid-Oxy 100 to Zeroth Order Arrhenius Kinetics

It is of vital importance that the Rapid-Oxy 100 performs properly, and that it is robust.
Sunflower oil is a very good standard to use because the degradation time is very fast, due to
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Figure 2.1: Anton Paar Rapid-Oxy 100 instrument used to measure oxidation rates.
Image reproduced from [27].

the large proportion of polyunsaturated fatty acids. Pharmaceutical companies want standards that operate quickly and are precise. Pharmaceutical companies also want standards
to be cheap, so they can allocate resources to other essential needs like system maintenance
and calibration, human capital in quality control and research and development, supply
chain, information technologies, and regulatory affairs. Also, they want stock holders to
generate a profit. The following table shows the degradation times of sunflower oil at 150
◦ C,

and this will be used as the standard if Catalent purchases the Rapid-Oxy 100, or

contracts the services out to Professor Drew Marquardt.
The Rapid-Oxy 100 instrument was set to a pressure of 700 kPa and 150 ◦ C to start. The
outcome that was targeted was to obtain a zeroth order reaction because it would make
all of our conclusions with Arrhenius zeroth order kinetics hold. It would mean that the
oxidation is influenced solely by the temperature and not by the pressure or concentration
of the oxygen. So, the pressure was varied by 100 kPa to 700 kPa, 600 kPa, and 500 kPa.
What was expected was for the oxidation time of the oil to remain the same regardless of
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the pressure within which it was subjected to.
Table 2.1: Experimental conditions for oxidation of sunflower oil to confirm the zeroth
order kinetics of the Rapid-Oxy 100 instrument. All measurements were conducted at 150
◦
C.

Pressure (kPa)
700
600
500

Oxidation Time, t (s)
2103 ± 99
2060 ± 29
2038 ± 114

So, this table confirms that the Rapid-Oxy behaves under zeroth order reaction conditions
because all measurements are between 30-36 minutes regardless of pressure. The first three
measurements were performed at a pressure of 700 kPa, followed by the second three measurements being performed at 600 kPa, and the third measurements being performed at
500 kPa.
The Student’s t-test will be performed to test the reproducibility of the Rapid-Oxy using
the sunflower oil standard runs conducted at 700 kPa and 600 kPa. The 500 kPa run is
comparable, so any combination of the 3 would suffice. The t-test is being used because only
3 samples were run per pressure, which means that distribution is not normal. A normal
distribution involves a larger sample size. There would be a 5 % level of significance. If the
t > t0.5 = 2.015 according to the Student’s t-table, the instrument’s reproducibility would
be rejected .

t=

(x1 − x2 ) − (u1 − u2 )
q
s2 ( n11 ) + n12

(2.5)

where:

t = t-test value
x1 = sample of 700 kPa
u1 = mean of 700 kPa
n1 = number of measurements in 700 kPa

s2 = sample variance
x2 = sample of 600 kPa
u2 = mean of 600 kPa
n1 = number of measurements in 600 kPa

Since, t = 2.54 × 10−6 < 2.015, therefore data on Rapid-Oxy is reproducible.
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Measurement of Densities and Viscosities
Instrumentation - Anton Paar DMA 4500 Density Meter

Densities and viscosities were measured using the Anton-Parr Density Meter: DMA 4500.
The DMA 4500 (Anton-Parr, USA) is used primarily to record densities and viscosities
of oils and other fluids over vast arrays of temperatures, with a high degree of accuracy.
Densities can be measured with accuracy up to six decimal places. The instrument is
primarily used in the beverage industry to ensure that the fluids are not too dense or viscous
prior to human consumption and to determine sugar content, though their measurements
must only be accurate to two decimal places [27]. The pharmaceutical industry uses the
viscosity function of the density meter to ensure that the fill material is not too viscous to
be encapsulated into the soft gelatin capsule. If the fill is too viscous, the capsule would
burst upon introduction of the material. The DMA 4500 consists of built in software to
program methods. There is a tube on the outside right front portion of the instrument
where your solution is introduced. The analyst needs to be careful not to introduce too
much fluid as the instrument will not be able to compute the density accurately.
The density meter works on the principle of vibration to measure phase shifts in the vibration of a bent thin walled tube. The bent thin walled tube is rotated around a central
axis. When there is no mass in the bent section, the tube remains untwisted. When the
density inside the bent section increases, the inbound flow portion of the bent-pipe drag
behind the out-bound portion. This twisting causes phase shifts which result in changes in
the resonant frequency of the thin walled tube. Higher density causes the tube to vibrate,
while lower density causes the tube to not vibrate. This means that there are much more
phase shifts when the density is significantly larger.
There is an air check performed on the instrument to ensure the U-tube is functioning
properly. A water check is performed on the instrument ensuring that the instrument is
clean and reading data correctly and accurately prior to introducing your samples. The
density of water is known to be 0.9970 g/mL at 25 ◦ C [27]. Reproducible readings of this
value ensure the density meter is working properly, and is free of variability.
The temperature range used for the density measurements were 10 ◦ C to 60 ◦ C. Viscosity
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is the measure of a fluid’s internal or intermolecular resistance to shear stress. Certain
types of fluids offer greater resistance to velocity than others. Viscosity is measured by
determining the pressure drop through the mass flowmeter. The viscosity of the flowing
medium is directly proportional to the ratio of pressure drop and volumetric flow rate.
Corolis flowmeters measure the rotational force exerted by fluids flowing through an oscillating measurement tube. Measurement of these forces is used to calculate mass flow and
density. Endress+Hauser uses the torsional movement of the single straight measuring tube
to additionally measure the viscosity of the fluid [28]. Due to the rotational motion of the
tube, the fluid is forced to a rotational motion. Depending on the fluid’s viscosity, different
velocity profiles of the fluid are generated. The gradient of the velocity profile induces shear
forces in the fluid, which dampen the oscillation of the measuring tube and can be measured
via the excitation current necessary to maintain tube oscillation. The excitation current
can then be used to calculate the viscosity of the fluid [28].
The viscometer attaches to the back-right port of the density meter and measures viscosity
by allowing a ball to start at the top of the instrument, and measuring the allotted time
required for the ball to travel across the tube to the bottom. If the ball travels across the
tube quickly, the material is less viscous. If the ball takes plenty of time to travel across
the tube, the material is very viscous. Figure 2.2 shows an illustration of the Anton-Parr
DMA 4500 Density Meter.

Figure 2.2: Anton Paar DMA 4500 instrument used to measure density and viscosity of
formulations. Image reproduced from [27].

Chapter 3

Results
3.1

Normalizing Rapid-Oxy 100 to Zeroth Order Arrhenius
Kinetics

It is of vital importance that the Rapid-Oxy 100 performs properly, and that it is robust.
Sunflower oil is a very good standard to use because the degradation time is very fast, due to
the large proportion of polyunsaturated fatty acids. Pharmaceutical companies want standards that operate quickly and are precise. Pharmaceutical companies also want standards
to be cheap, so they can allocate resources to other essential needs like system maintenance
and calibration, human capital in quality control and research and development, supply
chain, information technologies, and regulatory affairs. Also, they want stock holders to
generate a profit. The following table shows the degradation times of sunflower oil at 150
◦ C,

and this will be used as the standard if Catalent purchases the Rapid-Oxy 100, or

contracts the services out to Professor Drew Marquardt.
The Rapid-Oxy 100 instrument was set to a pressure of 700 kPa and 150 ◦ C to start. The
outcome that was targeted was to obtain a zeroth order reaction because it would make
all of our conclusions with Arrhenius zeroth order kinetics hold. It would mean that the
oxidation is influenced solely by the temperature and not by the pressure or concentration
of the oxygen. So, the pressure was varied by 100 kPa to 700 kPa, 600 kPa, and 500 kPa.
What was expected was for the oxidation time of the oil to remain the same regardless of
25
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the pressure within which it was subjected to.
Table 3.1: Experimental conditions for oxidation of sunflower oil to confirm the zeroth
order kinetics of the Rapid-Oxy 100 instrument. All measurements were conducted at 150
◦
C.

Pressure (kPa)
700
600
500

Oxidation Time, t (s)
2103 ± 99
2060 ± 29
2038 ± 114

So, this table confirms that the Rapid-Oxy behaves under zeroth order reaction conditions
because all measurements are between 30-36 minutes regardless of pressure. The first three
measurements were performed at a pressure of 700 kPa, followed by the second three measurements being performed at 600 kPa, and the third measurements being performed at
500 kPa.
The Student’s t-test will be performed to test the reproducibility of the Rapid-Oxy using
the sunflower oil standard runs conducted at 700 kPa and 600 kPa. The 500 kPa run is
comparable, so any combination of the 3 would suffice. The t-test is being used because only
3 samples were run per pressure, which means that distribution is not normal. A normal
distribution involves a larger sample size. There would be a 5 % level of significance. If the
t > t0.5 = 2.015 according to the Student’s t-table, the instrument’s reproducibility would
be rejected .

t=

(x1 − x2 ) − (u1 − u2 )
q
s2 ( n11 ) + n12

(3.1)

where:

t = t-test value
x1 = sample of 700 kPa
u1 = mean of 700 kPa
n1 = number of measurements in 700 kPa

s2 = sample variance
x2 = sample of 600 kPa
u2 = mean of 600 kPa
n1 = number of measurements in 600 kPa

Since, t = 2.54 × 10−6 < 2.015, therefore data on Rapid-Oxy is reproducible.
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Autoxidation of Oil Components

Now that we have introduced the instruments and theory behind the premise of the project,
we will go into the initial portions of the experimental part of the thesis. The first order
of business was to collect oxidation times of the capsules in its current state. Table 3.2
shows oxidation times of 100000 IU of vitamin A and 20 IU of vitamin E in its current form
off of the assembly line. Table 3.3 shows the 200000 IU potency of vitamin A and 40 IU
potency of vitamin E in its current form off the assembly line. The vitamin A being used
is retinyl palmitate, and the vitamin E derivative being used is α-tocopherol acetate. The
oil that is being used is soya-bean oil. Due to soya-bean oil being a poor antioxidant, and
tocopherol acetate displaying similar characteristics due to methylated chromanol ring, the
composition of the capsule needed to be changed. A library of oils needed to be generated
to substitute out soya-bean oil to increase degradation time.
Table 3.2: Vitamin A 100000 IU / Vitamin E 20 IU

Temperature, T (◦ C)
110
100
90
80

Oxidation Time, t (s)
2063 ± 16
2872 ± 54
4300 ± 183
7200 ± 60

Table 3.3: Vitamin A 200000 IU / Vitamin E 40 IU

Temperature, T (◦ C)
110
100
90
80

Oxidation Time, t (s)
1688 ± 32
2231 ± 53
3216 ± 179
5034 ± 276

In Figure 3.1 the following trends are noticed. The slope of each line is the rate constant k
as derived in the chemical kinetics section of the thesis. The rate constant is proportional
to the activation energy, which is amount of energy required for the reaction to proceed
to completion. So, activation energy is measuring the amount of energy required for the
material to oxidize. The 200000 IU and 100000 IU show increases in individual activation
energies as the temperature decreases. The 100000 IU has an activation energy of 333059
J/mol·s, while the 200000IU has an activation energy of 40971 J/mol·s. This means that the
less potent the vitamin A supplement, the longer that the supplement takes to oxidize. This
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Figure 3.1: Arrhenius plots from oxidation studies on the current formulations. The
slope of the line is proportional to activation energy. Errors are defined as one standard
deviation derived from triplicate runs.

is evident as plenty of free radicals of vitamin A are generated in the 200000 IU supplement,
which leads to a faster oxidation time. The oxidation times of soya-bean oil will be used as
a control within the library of oils.
What was noted most importantly with the results was that the 200000 IU soft gelatin
capsules at 80 ◦ C had a time of 5034 seconds (84 minutes) with a standard deviation of 276
seconds, while the 100000 IU soft gelatin capsules had a time of 7200 seconds (120 minutes)
with a standard deviation of 60 seconds. These results represent bench mark times for the
33 month expiration time of vitamin A and E. The formulations have to be greater than
the specified times to be rendered suitable replacement. The following trend states that
as the supplements become more potent, the oxidation times decrease. The reason 80 ◦ C
times were chosen was because it was the closest to room temperature.
Table 3.4 displays the results of the soya-bean oil. The next part of this chapter will examine
oxidation stability analysis of corn oil (Table 3.5), canola oil (Table 3.6), sesame oil (Table
3.7), and olive oil (Table 3.8). Specific details regarding the fatty acid within these oils are
discussed in the Appendix.
In Figure 3.2, the following trends are noticed. The slope of each line is the rate constant k
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Table 3.4: Oxidation Times of Soya-Bean Oil

Temperature, T (◦ C)
150
140
130
120
110
100

Oxidation
1872
2664
4380
7360
14500
29220

Time, t (s)
± 232
± 203
± 334
± 466
± 1021
± 1650

Table 3.5: Oxidation Times of Corn Oil

Temperature, T (◦ C)
150
140
130
120
110

Oxidation Time, t (s)
2211 ± 82
3079 ± 68
4860 ± 275
9140 ± 408
17550 ± 382

Table 3.6: Oxidation Times of Canola Oil

Temperature, T (◦ C)
130
120
110
100

Oxidation Time, t (s)
5380 ± 450
10040 ± 458
16540 ± 2322
37540 ± 1784

Table 3.7: Oxidation Times of Sesame Oil

Temperature, T (◦ C)
150
140
130
120
110

Oxidation
2235
3067
5160
9240
17940

Time, t (s)
± 304
± 239
± 208
± 180
± 1302

Table 3.8: Oxidation Times of Olive Oil

Temperature, T (◦ C)
130
120
110
100

Oxidation Time, t (s)
8370 ± 557
15600 ± 159
31360 ± 1110
56980 ± 1290

as derived in the chemical kinetics section of the thesis. The rate constant is proportional
to the activation energy, which is the amount of energy required for the reaction to proceed
to completion. So, activation energy is measuring the amount of energy required for the
reaction to proceed to completion. Therefore, activation energy is measuring the amount of
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energy required for material to oxidize. The oils showed increases in individual activation
energies as the temperature decreases. Olive oil had an activation energy of 80854 J/mol·s,
canola oil had an activation energy of 79216 J/mol·s, sesame oil had an activation energy
of 71376 J/mol·s, corn oil had an activation energy of 69896 J/mol·s, and soya-bean oil
had an activation energy of 72889 J/mol·s. These results are correlated with amount of
polyunsaturated fats present in the oils. The double bonded fatty acids give the oils their
liquid character at room temperature. Polyunsaturated fatty acids are prone to oxidation
much more quickly because oxygen is able to attack the double bonds, thus converting them
to hydroxy fatty acids.

Figure 3.2: Arrhenius plots for olive, canola, sesame, corn, and soya-bean oils constructed
from oxidation data. The slope of the line is proportional to the activation energy. Error
bars are derived from the standard deviation of triplicate runs.

3.3

Autoxidation of Expired Formulations

The following Table 3.9 explains oxidation kinetics of the 200000 IU expired samples, which
served as the template for expired samples. This data is just to demonstrate the degradation
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time of samples at the 33 - month mark and to use this in comparison to the control. If
samples off of the production line are showing these values, then oxidation occurred during
the production process. The capsules are degraded by oxidation mostly, not as much by
light as previously thought.
Table 3.9: Oxidation of Expired 200000 IU Vitamin A / 40 IU Vitamin E

Temperature, T (◦ C)
120
100
90
80

Oxidation Time, t (s)
868 ± 19
1099 ± 37
1267 ± 10
1466 ± 61

There was also a table of the Raw Material performed (Table 3.10). The raw material has a
faster degradation time due to much larger amount of supplement being present. What was
noticed throughout the experiment was that as the content of vitamin A and E increased,
the degradation time decreased. So, oxidation time is affected by the amount of oil present.
The more that the supplement is diluted down with oil, the larger the degradation time.
Table 3.10: Oxidation Time of Vitamin A 1100000 IU / Vitamin E 210 IU

Temperature, T (◦ C)
120
100
90
80
70
60

3.4

Oxidation Time, t (s)
769 ± 68
999 ± 22
1229 ± 37
1469 ± 43
2000 ± 61
2683 ± 63

Autoxidation of Oil Mixtures

Oxidation studies were performed on 10 % olive / 90 % canola oil, 20 % olive / 80 % canola,
30 % olive 70 % canola, 40 % olive and 60 % canola, and 50 % olive and 50 % canola to
determine the mixture that provides the greatest antioxidant effects. These measurements
are summarized in Table 3.11.
Each of the data present in the tables were extrapolated down to a shelf life value present
at room temperature using Anton Parr software, the same way that it was performed of
oils, and then a graph was generated using relative shelf life in days verses percent olive oil
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Table 3.11: Oxidation Times of Olive Oil / Canola Oil Mixtures

Mixture
5 % Olive 95 % Canola

10 % Olive 90 % Canola

20 % Olive 80 % Canola

30 % Olive 70 % Canola

40 % Olive 60 % Canola

50 % Olive 50 % Canola

Temperature, T (◦ C)
130
120
110
100
130
120
110
100
130
120
110
100
130
120
110
100
130
120
110
100
130
120
110
100

Oxidation Time, t (s)
5420 ± 35
9600 ± 262
18060 ± 120
36700 ± 466
5600 ± 242
9460 ± 250
18260 ± 408
36900 ± 727
5360 ± 250
9740 ± 443
19000 ± 503
39160 ± 271
5720 ± 125
9140 ± 1668
18800 ± 674
39500 ± 918
5940 ± 159
10760 ± 772
20520 ± 692
43760 ± 458
6320 ± 35
10920 ± 1046
22360 ± 242
43960 ± 1558

composition to see which mixture had the greatest antioxidant potential. The data behaved
non-linearly by starting at 240 days without the addition of any olive oil. Then, there was
an increase in shelf-life time up to 258 days after the concentration of the oil contained 5
% olive oil. There was a slight dip at the 10 % olive oil level, where the shelf-life was 254
days. The graph displayed its largest spike at the 20 % olive oil level showing an increase in
shelf-life from 254 days to 376 days. There was another slight dip at the 30 % olive oil level,
which showed the shelf life decrease from 376 days to 342 days. There was a slight increase
from the 30 % olive oil level to the 50 % olive oil from 342 days to 375 days. Then, from
the 50 % level to the 100 % level there is a drastic increase from 375 days to 713 days. It is
not practical to use 100 % olive oil after establishing that it is way too expensive to use on
its own. Using canola oil on its own would give you the second best option when referring
back to the pure oil studies in terms of antioxidant capabilities and price, but it would be
in the best interest of the organization to find the optimal solution. There is not too much
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Figure 3.3: Shelf life of mixtures with varying olive oil content as extrapolated by the
Oxylogger software. Error bars are estimated as 10 % according to the software.

difference between the 30 % olive oil, 40 % olive oil, and 50 % olive oil levels in terms of
shelf-life. The best solution to use would be the 20 % olive / 80 % canola concoction as it
showed the largest increase in Figure 3.3, and is the most reasonable financially.

3.5

Autoxidation of Reformulation

Now that the the study of the oils is concluded, we will now try our 20 % olive / 80 % canola
formulation with three different vitamin A and E product proposals that will be submitted
to Catalent for the potential to be sold to the African people if there is a demonstrated
shelf life increase from the original formulation. One thing to keep in note is that the
oxidation times are relative, and I have devised a comparison to relate this data to the
company established expiry of 33 months. Below are the tables of the oxidation data of all
3 formulations (Tables 3.12 and 3.13)
The values that were taken for comparison were at the 80 ◦ C level because this is the closest
value to room temperature, and this value generates the cleanest integration. Activation
energy does not suit the organization in this instance because the values are relative, and
the organization would like shelf life expressed in time rather than activation energy in order
to express the improvement in this formulation over previous formulation to the executive
team. Activation energy is hard to quantify to the general public, and we we need a
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Table 3.12: Oxidation times of 100000 IU vitamin A formulation prepared in a mixture
of 20 % olive oil and 80 % canola oil. vitamin E (20 IU) is added as either the acetate or
alcohol form in the absence and presence of vitamin C.

Composition
20 IU Vit E Acetate

20 IU Vit E Alcohol

20 IU Vit E Alcohol + Vit C

Temperature, T (◦ C)
110
100
90
80
110
100
90
80
110
100
90
80

Oxidation Time, t (s)
2811 ± 474
3332 ± 150
5060 ± 35
7840 ± 2200
3546 ± 246
6420 ± 170
11850 ± 42
21450 ± 1739
3600 ± 764
4650 ± 42
8730 ± 42
18060 ± 3055

Figure 3.4: Shelf life of vitamin A 100000 IU / vitamin E 20 IU proposed formulations
as compared to the original formulation. Error bars represent 10 % deviation.

numerical value that is familiar to the general public. The known shelf-life of vitamin A
and E is 33 months, which is represented by 84 minutes for the 200000 IU formulation. The
120 minutes represented the 100000 IU formulation. The three proposed formulations for
the larger potency are the 200000 IU Vit A / 40 IU Vit E Acetate with 20 % olive 80 %
canola , 200000 IU Vit A / 40 IU Vit E alcohol with 20 % olive 80 % canola, and 200000
IU Vit A/40 IU Vit E alcohol with Vit C and 20 % olive 80 % canola. The three proposed
formulations for the smaller potency are 100000 IU Vit A / 20 IU Vit E acetate with 20
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Table 3.13: Oxidation times of 200000 IU vitamin A formulation prepared in a mixture
of 20 % olive oil and 80 % canola oil. vitamin E (40 IU) is added as either the acetate or
alcohol form in the absence and presence of vitamin C.

Composition
40 IU Vit E Acetate

40 IU Vit E Alcohol

40 IU Vit E Alcohol + Vit C

Temperature, T (◦ C)
110
100
90
80
110
100
90
80
110
100
90
80

Oxidation Time, t (s)
1448 ± 98
1919 ± 34
2728 ± 141
4380 ± 60
2970 ± 140
4860 ± 424
8760 ± 85
16710 ± 212
3030 ± 42
4590 ± 42
8130 ± 721
16290 ± 467

Figure 3.5: Shelf life of vitamin A 200000 IU / vitamin E 40 IU proposed formulations
as compared to the original formulation. Error bars represent 10 % deviation.

% olive 80 % canola, 100000 IU Vit A 20 IU Vit E alcohol with 20 % olive 80 % canola ,
and Vit A 100000 IU / Vit E 20 IU alcohol with Vit C and 20 % olive and 80 % canola.
In order to make a fair comparison, all of the average times at the 80 ◦ C temperature for
each formulation were divided by the 80 ◦ C temperature for each control. A percentage was
generated, and this was multiplied by 33 months. The graphs in Figure 3.4 and 3.5 shows
all of the formulations for 100000 IU and 200000 IU Vit A pitted against one another.
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Density and Viscosity Investigation of New Formulation

Density is the mass divided by the volume of the solution. In fluid dynamics, it is common
to work in terms of the kinematic viscosity (also called momentum diffusivity), defined as
the ratio of the viscosity µ to the density of the fluid ρ. It is usually denoted by ν and has
dimension

length2
area .

Consistent with this nomenclature, the viscosity µ is frequently called the dynamic viscosity
or absolute viscosity, and has units

f orce×time
.
area

Density measurements were taken of the controls and the new formulations to see if the
added olive oil did not increase the viscosity of the soft gelatin capsule sufficiently. A soft
gelatin capsule that is too viscous would make life difficult in terms of delivering the fill
to the African people, as well as the capsule self-destructing during the production process
with the implementation of the fill in the encapsulation department. Measurements taken
on possible formulations are displayed in Table 3.14.
Table 3.14: Density and viscosity analysis of various formulations to determine applicability to softgel filling techniques
Sample Name
Canola Oil

Olive Oil

Temperature (◦ C)

Density (g/mL)

Dynamic Viscosity (mPa·s)

10

0.923513

114.1

15

0.920106

89.8

20

0.91671

72.2

25

0.913319

59.5

30

0.909944

47.8

35

0.906579

38.6

40

0.903214

32.5

45

0.899859

27.6

50

0.89651

23.7

55

0.893171

20.4

60

0.889838

17.4

10

0.919234

124.9

15

0.915809

98.5

20

0.912388

80.8

25

0.908993

65.2

30

0.905603

53.5

35

0.902231

43

40

0.898869

35.6
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Vitamin A and E 100000lU/20IU

5 % Olive Oil 95 % Canola Oil

10 % Olive Oil 90 % Canola Oil

20 % Olive Oil 80 % Canola Oil

37
45

0.895514

29.5

50

0.892167

25.3

55

0.888826

21.8

60

0.885498

18.4

10

0.926887

89.6

15

0.923449

74.1

20

0.920027

60.5

25

0.916619

49.9

30

0.91323

41.6

35

0.909849

34.2

40

0.906473

29.1

45

0.903108

24.8

50

0.899749

21.4

55

0.896399

18.3

60

0.893056

15.8

10

0.923394

109.5

15

0.91997

86.1

20

0.916556

71

25

0.913155

58.6

30

0.909772

47.7

35

0.906402

38.2

40

0.903036

32.1

45

0.899681

27

50

0.896331

23.4

55

0.892994

19.7

60

0.889665

16.8

10

0.923135

107.8

15

0.919706

87.5

20

0.916297

69.9

25

0.912901

57.9

30

0.909514

48.1

35

0.90614

39.4

40

0.902777

32.9

45

0.899424

27.6

50

0.896075

23.8

55

0.892736

20.3

60

0.889405

17.3

10

0.922791

112.7

15

0.919362

91.3
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30 % Olive Oil 70 % Canola Oil

40 % Olive Oil 60 % Canola Oil

50 % Olive Oil 50 % Canola Oil

38
20

0.915947

74.8

25

0.912557

59.8

40

0.902444

33.2

45

0.899088

28.4

50

0.895741

24.1

55

0.892402

20.6

10

0.922307

111.5

15

0.918881

89.2

20

0.915467

72

25

0.912064

59.5

30

0.908679

48.3

35

0.905312

39.5

40

0.90195

32.4

45

0.898592

27.8

50

0.895242

23.9

55

0.891902

20.5

60

0.888572

17.3

10

0.921828

116.8

15

0.918404

93.5

20

0.914982

80.2

25

0.911586

66.2

30

0.908204

55.4

35

0.904844

44

40

0.90149

35.4

45

0.898145

28.9

50

0.894802

24.5

55

0.891467

20.4

60

0.888138

17.4

10

0.921461

116.2

15

0.918034

92

20

0.91462

74.7

25

0.91122

60.9

30

0.907834

49.6

35

0.904465

40.8

40

0.901101

34

45

0.897746

28.8

50

0.894401

24.2

55

0.89106

20.8

60

0.88773

17.6

Chapter 4

Discussion
4.1

Shelf Life and Cost of Oil Components

Now that all of the oils have been described, and the oxidation times have been listed, we
can investigate what the best oil would be to use for our formulation. In order to get the
relative shelf life of all of the oils, Anton Parr software tabulated all of the oxidation times
collected and extrapolated down to room temperature to get the degradation time at room
temperature. The graph in Figure 4.1 shows the relative oxidation times of the four oils
compared with the soybean oil.
By analyzing the Graph 4.1, olive oil has the largest relative shelf life at 712 days. Olive
oil is followed by canola oil at 241 days, sesame oil at 115 days, soya-bean oil at 114 days,
and corn oil at 96 days. Based on the above data, olive oil should be used as the oil for
the reformulation of vitamin A and E. But now, a cost analysis needed to be performed
before applying the olive oil to the reformulated vitamin A and E capsules. The right axis
of Figure 4.1 showed the prices of all the oils according to the price index on the New York
Stock Exchange as of October 2019.
According to the data in Figure 4.1, olive oil was shown to be the most expensive at
$1479 Canadian Dollars (CAD), followed by sesame oil at $1050.00 CAD, canola oil at
$450.00 CAD, soya-bean at $321.00 CAD, and corn at $305.00 CAD. Based on the current
formulation, soya-bean oil and vitamin E were chosen based on their cost effective nature
39
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Figure 4.1: Shelf life of various oils extrapolated from oxidation data on the Oxylogger
software (left axis). Cost per liter of various oils according to New York Stock Exchange
October 2019 (right axis)

rather than their antioxidant properties. Olive oil cannot be used on its own because
the company would lose substantial amount of money in ordering the olive oil, as well as
transporting the oil to the plant. In order to save money, olive oil would be diluted with
canola oil. Oxidation studies were performed on olive and canola oil alone, as already shown
in Table 3.8 and Table 3.6, respectively.
The prices in Figure 4.1 are for wholesale high grade material, which Catalent would be
paying the specified price for the material. It is not justifiable to be paying over $1400.00
CAD for olive oil each time that the product needs to be produced. The cost of the oil
would be equivalent to paying for six barrels of high grade canola oil. It would be more
manageable to exhaust the canola oil than having to order olive oil each time. Therefore,
if a small proportion of olive oil could be diluted with canola oil, the company could save
revenue and allocate to other resources.

4.1.1

Oxidation Properties of Oils

Before diving into the most important data of this thesis, we need to investigate why olive oil,
canola oil, sesame oil, soya-bean oil, and corn oil display these certain oxidation properties.
Upon reviewing past literature to observe trends, what separates all of these oils is their

Chapter 4. Discussion

41

amount of polyunsaturated fatty acids. Unsaturated fats are more susceptible to oxidation
than saturated fatty acids. This means that the more polyunsaturated fats present in an oil,
the quicker that it will oxidize. This is due to polyunsaturated fats having more unstable
double bonds, which allow more oxygen to react at these points [29]. Monounsaturated fatty
acids provide greater resistance to oxidation than polyunsaturated fatty acids due to being
more solid at room temperature, and having a reduced amount of double bonds. Figure 4.2
shows the percentage of polyunsaturated fat, monounsaturated fats, and saturated fat by
weight percentage in the oils used in the experiment.

Figure 4.2: Percent distribution of fatty acids correlated to the shelf-life of each oil in
days. The trend shows that the lower the fraction of polyunsaturated fatty acid (PUFAs),
the higher the shelf-life. Olive oil has the largest shelf-life at 712 days, but a small PUFA
content at 10.5 %. Canola oil has a shelf-life of 241 days, but a PUFA content of 28.1
%. Sesame oil has a shelf-life of 115 days, but a PUFA content of 42.0 %. Corn oil has
a shelf-life of 96 days, but a PUFA content of 54.7 %. Soybean oil has a shelf-life of 114
days, but a PUFA content of 57.7 % [30, 31]. Error bars are estimated as 10 % according
to the Oxy-Logger software.

The results are consistent with the Rapid-Oxy oxidation data. Olive has the least amount of
polyunsaturated fatty acid by weight percentage at 10.5 %, but the highest monounaturated
fatty acid by weight content at 73.0 %. Canola oil has the second least amount of polyunsaturated fatty acid content at 28.1 %, and the second highest monounsaturated fatty acid
content at 63.3 %. Sesame oil has the third smallest amount of polyunsaturated fatty acid
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content at 42.0 %, and third highest amount of monounsaturated fatty acid content at 40.0
%. Corn oil had the second largest amount of polyunsaturated fatty acid content at 54.7 %,
and the second smallest amount of monounsaturated fatty acid content at 27.6 %. Soybean
oil has the largest amount of polyunsaturated fatty acid content at 57.7 %, and the lowest
amount of monounsaturated fatty acids at 22.6 %. Conclusively, it is shown that a higher
ratio of polyunsaturated to monounsaturated means faster oxidation.

4.1.2

Reformulation

To summarize the results of the reformulation, and conclude the findings of the project, the
Vit A 200000 IU / Vit E alcohol 40 IU with 20 % olive and 80 % canola, and Vit A 100000
IU / Vit E alcohol 20 IU with 20 % olive and 80 % canola are the best formulations to use
because the α-tocopherol is not inhibited like the methylated chromanol ring of the acetate
formulations are, and the enriched monounsaturated fatty acid content of both formulations
increases its antioxidant capabilities. This formulation causes approximately 300 % increase
over the original formulation at 98 months for the 100000 IU formulation, and 110 months
for the 200000 IU formulation. The same formulations with Vit C added showed a decrease
surprisingly. The 100000 IU formulation had 83 months, and the 200000 IU formulation had
107 months. It does not make sense to go through the extra headaches with submitting an
ANDA to the FDA and Health Canada when the formulations with added Vit C performs
less effectively than the formulations without Vit C. Based on literature, ascorbic acid
regenerates β-carotene by eliminating the positively charged radical generated during the
oxidation process [32]. Since vitamin A is more lipophilic (retinyl palmitate) and vitamin C
is more lipophilc (ascorbyl palmitate), the regeneration mechanism does not exist because
the ascorbyl palmitate does not have the negatively charged substituent to eliminate the
positively charged radical formed on retinyl palmitate through the oxidation process. αTocopherol also becomes positively charged during the oxidation process, and does not have
ascorbic acid to exert its synergistic effects mentioned earlier in the thesis to eliminate the
positively charged radical on α-tocopherol. Vitamin C would need to be in polar form to
exhibit any type of regenerative effects, but in its polar form, it is much harder to work
with due to difficulty transversing the lipid bilayer of cells. Therefore, there is no difference
between using the 20 % olive and 80 % canola formulation with α-tocopherol and the 20
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% olive and 80 % canola formulation with α-tocopherol and ascorbyl palmitate because of
the regeneration activity of ascorbyl palmitate being absent. The 200000 IU formulation
had the same degradation time of 33 months, while the 100000 IU formulation only showed
an increase of 3 months to 36 months. Therefore, the Vit A 100000 IU / Vit E alcohol 20
IU with 20 % olive and 80 % canola, and the 200000 IU Vit A / 40 IU Vit E alcohol with
20 % olive and 80 % canola are ready to be patented and handed off to formulation for
enhancement and analytical research and development for method development.

4.1.3

Density and Viscosity of Reformulation

Overall, when looking at the density and dynamic viscosity of the olive oil and canola
oil mixtures, the density decreases as the temperature increases. The dynamic viscosity
decreases as the temperature increases. Let us look at the olive oil and canola oil separately
at 25 ◦ C. The density of the olive oil is 0.908903 g/mL, while the canola oil is 0.913319 g/mL.
However, canola oil has a dynamic viscosity of 59.5 mPa·s compared to the 65.2 mPa·s of
olive oil. Canola oil is much more fluid than olive oil, as given by its lower dynamic viscosity,
due to its greater composition of polyunsaturated fatty acids. But, canola oil would not be
a greater antioxidant than olive oil because it will be subjected to greater oxidation through
exposure of its double bonds, and the double bonds being converted to hydroxy fatty acids.
Although canola oil would be a much cheaper choice, and much easier to introduce into the
soft gelatin capsule through encapsulation process due to its low dynamic viscosity, it is not
a good antioxidant and product may not last long. Olive oil is a very good antioxidant as
evidenced by its high monounsaturated fatty acid content and low polyunsaturated fatty
acid content. It is shielded from oxidation through reduced fatty acids with double bonds,
but it is more solid at room temperature through these characteristics. Also, olive oil is one
of the most expensive oils. So, using olive oil on its own could cause financial issues as well
as encapsulation issues. When performing oxidation studies to determine optimum mixture,
20 % olive and 80 % canola oil showed the greatest antioxidant properties. However this
would need to be evaluated against the control of 100000 IU (30 mg) Vit A, 20 IU (9 mg) in
soya-bean oil to determine if the densities and dynamic viscosities are similar. The dynamic
viscosity of 100000 IU Vit A formulation was 49.9 mPa·s and density was 0.916619 g/mL
at 25 ◦ C. The dynamic viscosity of 20 % olive and 80 % canola was 59.8 mPa·s and density
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was 0.912557 g/mL. The new proposed oil formulation will be able to go into a softgel as it
is close to the control values for dynamic viscosity. This indicates that the mixture is fluid
enough to not cause issues in the encapsulation process, which would cause the capsule
to burst. As you reach the 40 % threshold of olive oil, the dynamic viscosity increases
drastically at 25 ◦ C. These formulations would not work because having values greater than
65 mPa·s may cause capsule to burst, or may be difficult to administer to the patient due
to difficulty of squeezing out the material. This would be nearly equivalent to trying to
squeeze out straight olive oil at this temperature, which is proven to be very viscous. The
surface area of the capsule would need to be changed to accommodate a greater proportion
of olive oil. This would generate an increased cost in ordering gelatin. In conclusion, 20 %
olive and 80 % canola appears to be a feasible solution to incorporating retinyl palmitate
and α-tocopherol.

Figure 4.3: Comparison of the density and viscosity measurements for the original 100000
IU vitamin A formulation in soya-bean oil and the proposed formulation in 20 % olive /
80 % canola oil. Density is displayed with black bars using the left axis, and viscosity
is displayed with gray bars using the right axis. Variations between the formulations are
small and would not be an issue for soft-gel encapsulation. According to Anton Paar density
errors are defined as 0.00005 g/mL and viscosity errors are defined as 0.5 %.

Figure 4.3 shows the density verses viscosity of the 100000 IU Vit A and 20 IU Vit E with
soya-bean oil (original formulation) versus the 20 % olive and 80 % canola mixture (new
formulation) at 25 ◦ C. The original formulation has a greater density of 0.916619 mg/mL,
but a lower viscosity at 49.9 mPa·s. The new formulation has a smaller density at 0.912557
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g/mL, but a larger viscosity at 59.8 mPa·s. The new formulation appears to be more solid
as indicated by higher viscosity, but not as heavy as indicated by the density. The new
formulation is below 65 mPa·s, which is viscosity of straight olive oil at 25 ◦ C. Transferring
this formulation into a soft-gel should not be an issue, as its viscosity total does not deviate
to a large scale to warrant this complication.

Chapter 5

Conclusion
This study brought together some interesting findings. The fact that olive oil is the best
antioxidant due to its high level of monounsaturated fatty acids and low level of polyunsaturated fatty acids. The olive oil does not generate plenty of hydroxy fatty acids in the
process. The 20 % olive and 80 % canola oil mixture proved to be the most cost-effective
mixture and greatest antioxidant. The vitamin A 200000 IU (60 mg) and vitamin A 100000
IU (30 mg) supplemented with α-tocopherol and 20 % olive and 80 % canola oil proved to
be the best formulation for the supplement. The reason why the vitamin C addition in the
form of ascorbyl palmitate is ineffective is due to the inability to regenerate both retinyl
palmitate and α-tocopherol, which both become positively charged. Ascorbyl palmitate
functions much more effectively as ascorbic acid in a polar environment when regenerating
the two antioxidants. Unfortunately, the nature of the capsule is non-polar, and the human
skin is essentially non-polar. Therefore, delivery of ascorbic acid would prove to be difficult.
The density and viscosity of new formulation were comparable to the original formulation.
Therefore, the product is suitable to carry forward to Catalent Analytical Research and Development and Formulation for further studies, and hopefully the product can be brought
to market. An additional study that could be performed was to test Vitamin A in the 20%
olive and 80% Cannola mixture. This would test the effectiveness of the oil in reducing
oxidation.
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Appendix
5.1

Corn Oil

Corn oil is a byproduct of corn meal and starch making companies. Corn oil is comprised
of lineoic acid (58-62 %). The major triacylglycerols in corn oil are LLL (25 %), LLO
(22 %), LLP (15 %), OOL (11 %), and PLO (10 %). Corn oil is categorized as one of the
richest sources of phytosterols (8300 - 25,500 ppm) and tocopherols (1130 - 1830 ppm). The
predominant tocopherol is α-tocopherol (68 % - 89 %), and the most prominent phytosterol
is sitosterol (63 % - 70 %) [33]. The importance of the high composition in phytosterols is
their ability to lower blood cholesterol. The significance of the high amount of α-tocopherol
is the ability to prevent DNA damage, blood pressure, plate aggregation, and diabetes [34].
Corn oil is known to have light colour and texture, and ideal for salad and for cooking oil.
It is known to have good flavor stability and a high smoke point, which makes it optimal for
cooking fried foods such as French fries and chicken. Oil obtained from corn fiber through
wet milling is high in ferulate esters of sterols and stanols [34]. Corn oil has the highest
level of unsaponified materials at 1.3 to 2.3 % [33]. Table 5.1 shows a detailed composition
of corn oil.
Corn oil from cooler regions tend to have a higher proportion of unsaturated fatty acids than
corn oil from warmer areas. Adjusting to climate plays a huge role in these compositions.
To support this claim, Carmussi et al noted that fatty acid composition in Italian corn was
linked to geographic region. Corn from the Italian North tended to have a lower content
of saturated fatty acids and a higher content of lineoic acid than from the southern region
[35]. Corn oil was used in large scale on research of the relationship between dietary fat and
blood cholesterol levels as only nonhydrogenated and polyunsaturated fats were available
47
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Table 5.1: Fatty Acid Composition of Corn Oil by Percentage [33].

Fatty acid Abbreviation
Palmitic 16:0
Stearic 18:0
Oleic 18:1 (ω-9)
Linoleic 18:2 (ω-6)
Linolenic 18:3 (ω-3)
Arachidic 20:0
Behenic 22:0
Lignoceric 24:0
Squalene
Other

Corn fiber
13.8 ±
1.7 ±
23.8 ±
56.4 ±
2.6 ±
0.3 ±
0.2 ±
0.3 ±
0.2 ±
0.6 ±

oil
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0

Corn germ
12.5 ±
1.3 ±
24.3 ±
60.1 ±
1.0 ±
0.3 ±
0.1 ±
0.3 ±
0.2 ±
0.5 ±

oil
0.2
0.0
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0

in the 1950s. Due to the high stability, favorable taste, and many uses, corn oil has become
the standard oil used when testing for cholesterol lowering attributes. There were 30 studies
that supported this claim, which showed cholesterol levels dropping to a maximum of 16
%. Corn oil was shown to perform better than soybean oil, and sunflower oil. It was shown
that patients who were fed high amounts of olive oil had elevated levels of high density
lipoproteins, compared with patients that were fed solely corn oil [35]. Corn oil is very
good at lowering cholesterol, so child patients that will ingest corn oil through a capsule
will receive some health benefits. But corn oil has elevated levels of unsaturated fatty acids,
so its antioxidant potential when exposed to air is not very good.

5.2

Canola Oil

Canola oil is an oilseed crop created through plant crossbreeding. Canola oil contains a
variety of different nutrients, and it is safe for human consumption. Canola oil is genetically
modified to allow it to resist certain herbicides that would cause it a great deal of harm.
An interesting fact to note is that approximately 90 % of the canola oil manufactured in
the United States is genetically modified. There are two primary uses for canola crops: the
production of canola oil, and to be fed to the animals that are present on the farms [36].
Canola oil is known to have approximately 12 % of vitamin E and 12 % of vitamin K. Canola
oil is known to be one of the healthiest oil due to a low composition of saturated fats. The
fatty acid composition of canola oil are as follows: 7 % saturated, 64 % monounsaturated
fat, and 28 % polyunsaturated fat. The polyunsaturated fats are composed of 21 % lineoic
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acid, and 11 % α-linolenic acid, which are good to protect against brain and heart disease
by increasing the amount of eicosapentaneoic acid (EPA) and docusahexaenoic acid present
in the human body [36]. But, heating excessively can generate issues for polyunsaturated
fatty acids. Solely being used as an oil would not be advantageous for canola because if
exposed to high temperatures, it would degrade quickly.
Table 5.2: Fatty Acid Composition of Canola Oil by Percentage [37].

Fatty acid Abbreviation
Palmitic 16:0
Palmitoleic 16:1 (ω-7)
Stearic 18:0
Oleic 18:1 (ω-9)
Linoleic 18:2 (ω-6)
Linolenic 18:3 (ω-3)
Arachidic 20:0
Eicosenoic 20:1 (ω-12)

5.3

Canola oil
4.75 ± 0.11
0.26 ± 0.06
1.43 ± 0.01
257.56 ± 0.13
22.67 ± 0.09
11.47 ± 0.02
0.53 ± 0.09
1.12 ± 0.24

Sesame Oil

Sesame oil is derived from the seeds of the flowering plant Sesamum Indicum. The plants
are from the East Africa and India, but are currently grown in many countries around
the world. Sesame oil is popular for cooking due to its high level of polyunsaturated fats,
as well as monounsaturated fats [38]. Another positive of using sesame oil is that it is a
very strong antioxidant, a potent antimicrobial agent, which means that it prevents the
growth of microorganisms on the skin, and it is a good anti-inflammatory agent, which
allows it to reduce the inflammation and swelling on the skin [38]. Sesame oil functions as
a good antioxidant emphasized by a 2005 animal study showing that oxidative stress was
reduced [38]. Sesame oil is also effective against second degree burns, as evidenced by a
recent animal study. Sesame oil has strong antioxidant potential, due to the presence of
vitamin E. Some other components that protect against oxidation and inflammation are:
pinoresinol, sesamin, sesamolin, sesaminol, and sesamol. The substances present in sesame
oil that keep your skin moist are oleic acid, palmitic acid, stearic acid, and linoleic acid.
Sesame oil does not present skin with any problems. One other benefit of using sesame oil
is that it helps to lower cholesterol, just like corn oil does [38].
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Table 5.3: Fatty Acid Composition of Sesame Oil by Percentage [39].

Fatty acid Abbreviation
Myristic 14:0
Palmitic 16:0
Palmitoleic 16:1 (ω-7)
Stearic 18:0
Oleic 18:1(ω-9)
Linoleic 18:2 (ω-6)
Linolenic 18:3 (ω-3)
Arachidic 20:0
Gadoleic 20:1 (ω-11
Behenic 22:0

5.4

Sesame oil
0.11
8.96
0.15
6.16
40.98
42.06
0.33
0.67
0.21
0.13

Olive Oil

Olive oil is a liquid fat obtained from olives. The oil is produced by pressing whole olives. It
is used primarily for cooking, as well as in salad dressing. Olive oil is used by the cosmetic
industry, pharmaceutical industry, soap industry, and as fuel for powering oil lamps, as well
as some religious uses. Consumption of olive oil by country is as follows: Greece, Spain,
Italy, and Tunasia. The composition of olive oil varies with the cultivar, altitude, time of
harvest, and extraction. The fatty acid composition is consistently oleic (83 %), linoleic
(21 %), and palmitic acid (20 %). Extra virgin olive oil has a requirement where it has no
more than 0.8 % acidity and is considered to have favorable flavor characteristics. Extra
virgin olive oil is chosen for salad dressing due to its stronger taste. When extra virgin
olive oil is burned around 210 - 216 ◦ C, the taste is not as good because the unrefined oil
particles are burned. So, refined olive oil is used because of the higher smoke point, which is
around 230 ◦ C [17]. Olive oil has a long standing history as a skin care remedy. Egyptians
also used olive oil as a moisturizer and an antibacterial agent[40]. In ancient Greece, olive
oil was used as a messaging agent to relieve sports injuries [41]. In the year 2000, Japan
was the top importer of olive oil in Asia due to the belief that it promoted a better life
health-wise [42]. When used for messaging infants, olive oil is a safer alternative than
mineral oil because when mixed with sunflower oil, the olive oil has the level of free fatty
acids reduced [43]. Olive oil lowered the risk of dermatitis in infants in gestational stages
when compared with emollient cream [44]. Olive oil is manufactured in the following way.
Olives are transformed into olive paste by crushing or pressing. The paste is then slowly
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mixed to allow the oil droplets to agglomerate. The oil is then separated from aqueous
constituents and fruit pulp with a press or by centrifuging the solution. After extraction, a
solid substance called pomace remains. To judge the quality of olive oil, it undergoes trials
of blind taste tests conducted by professional olive oil tasters. One of the parameters used
to judge the oil is the acidity or measured weight of free oleic acid. The free oleic acid is
measured quantitatively by measuring how much triglycerides are hydrolyzed to glycerol
and fatty acid components. Olive oil degradation characteristics are measured in terms of
level of peroxides, which measures the amount of free radicals present in the oil. Too many
peroxides in the oil means that the olive oil is degraded. Phenolic acids are what give the
olive oils their famous taste [45–47]. Here are how the grades of oil are classified:

• Extra Virgin Olive Oil: The highest grade of olive oil that is manufactured by cold
mechanical extraction and does not use solvents or other refining methods. It has
the lowest level of free acidity at 0.8 %, and has the best taste in terms of closest to
original fruit [48–51].
• Virgin Olive Oil: This olive oil has a free acidity level of 2.0 %, and has a good taste,
but is known to have sensory defects [48–51].
• Refined Olive Oil: This is virgin olive oil that has been refined using charcoal and
other chemical and physical methods. It has free acidity in terms of oleic ccid of 0.3 g
/ 100 g and this type of oil is primarily produced to eliminate the rich taste and high
acidic content [48–51].
• Olive Pomace Oil: This is a mixture of virgin olive oil and pomace olive oil. It is
safe to consume, but is not well liked among the world population. It has the same
fat composition as all olive oils, and shares the same health benefits. This is used by
restaurants and local residents to cook, due to its high smoke point [48–51].

Olive oil is composed mainly of fatty acids lineoic acid, oleic acid, palmitic acid, traces of
squalene, and sterols. The composition varies based on cultivar, region, altitude, time of
harvest, and extraction process. Table 5.4 shows approximations of fatty acid composition
of olive oil [52, 53].
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Table 5.4: Fatty Acid Composition of Olive Oil by Percentage [53].

Fatty acid Abbreviation
Oleic 18:1(ω-9)
Linoleic 18:2 (ω-6)
Palmitic 16:0
Stearic 18:0
Linolenic 18:3 (ω-3)

Olive oil
55 - 83
3.5 - 21
7.5 - 20
0.5 - 5
0 - 1.5

Olive oil contains at least 30 phenolic compounds, but the most important are α-tocopherol,
and elenolic acid. Olive oil also contains flavonoids, lignans, and pinoresinol [47, 54–59].
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